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Abstract 

The  present  work  reports  a  novel  emulsion  method  for  preparation  of  lithium  cobalt  oxide  based  on  the  micro-precipitation  of  lithium 
and  cobalt  salts  in  molten  stearic  acid.  The  precursors  consist  of  micro- aggregated  powders  of  CoOOH  and  CH3(CH2)i6COOLi  whose 
formation  depends  on  the  concentration  of  stearic  acid  used  in  the  synthesis.  The  micro-aggregated  of  CoOOH  and  CH3(CH2)i6COOLi 
when  calcined  at  800  °C  yielded  well-crystalline  sub-microns  particles  of  LiCo02  ( R-3m )  with  a  very  uniform  shape  (quasi-hexagonal 
pellets),  a  very  narrow  grain  size  distribution  (d\o  =  0.31,  J50  =  3.14,  J90  =  6.30  pan)  and  high  specific  surface  area  (7.4m2  g_1).  The 
long  life  reversible  specific  capacity  of  the  mp-LiCo02  composite  electrode  subsequently  made  was  llOmAhg-1  for  initial  deinsertion 
165  mAhg-1. 

©  2003  Elsevier  B.V.  All  rights  reserved. 

Keywords:  Li-ion  battery;  Oxides;  Emulsion 


1.  Introduction 

The  preparation  of  Li-oxide  materials  is  very  important 
for  the  development  of  batteries  based  in  lithium  intercala¬ 
tion.  The  synthesis  method  has  a  decisive  role  in  the  defini¬ 
tion  of  the  grain  size  distribution,  porosity  distribution,  ag¬ 
gregation  and  morphology  of  the  Li-oxide  particles,  which 
influences  the  lithium  electro-intercalation.  For  example,  ca¬ 
pacity  fading  of  composite  electrodes  is  associated  with  loss 
of  ohmic  contact  in  the  electrode  during  lithium  intercala¬ 
tion  reactions.  This  mechanical  stress  and  the  lithium  dif¬ 
fusion  have  a  large  influence  in  the  electrochemical  perfor¬ 
mance  of  electrode  and  depends  on  grain  size  distribution, 
porosity  distribution,  aggregation  and  shape  of  the  Li-oxides 
particles  [1,2].  This  explains  why  it  is  important  to  study 
Li-oxide  preparation  routes.  The  main  representative  exam¬ 
ple  of  these  oxides  is  LiCoC>2,  a  compound  that  can  be  pre¬ 
pared  with  several  kinds  of  precursors  obtained  from  lithium 
nitrate,  carbonate,  acetate  or  hydroxide  associated  or  not 
with  a  chelating  agent.  [3-27]. 

This  paper  reports  a  new  approach  to  preparation  of 
Li-oxides:  micro-precipitation  in  molten  stearic  acid.  In 
this  new  methodology,  an  emulsion-derived  powder  from 
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reaction  between  molten  stearic  acid  and  lithium,  cobalt  ni¬ 
trates  is  prepared.  The  material  chosen  for  investigation  was 
the  well-known  LiCoCE.  The  use  of  emulsions  in  prepa¬ 
rations  of  materials  can  be  considered  as  a  soft  chemistry 
method  that  can  be  very  appropriate  to  prepare  uniform 
particles.  In  emulsion  methods,  the  precursor  materials  are 
isolated  in  a  phase  often  liquid  or  polymeric,  as  droplets 
or  islands,  which  acts  as  independent  reactors.  The  island 
or  droplet  dimensions  are  controlled  by  the  dispersion 
technique.  These  features  explain  why  emulsion  methods 
are  able,  in  principle,  to  provide  often  homogeneous  or 
monophasic  materials  with  narrow  grain  size  distribution 
in  the  sub-micron  range  determined  by  the  dimension  of 
the  precursor  particles  [26].  In  the  method  discussed  here, 
these  islands  are  the  micro-precipitate  consisting  mainly  of 
mixtures  of  CH3(CH2)i6COOLi  and  CoOOH  particles. 


2.  Experimental 

Fig.  1  shows  the  protocol  used  in  preparation  of  the 
LiCo02  precursor  powder.  The  lithium  and  cobalt  salts 
(LiN03,  Co(N03)2-6H20,  Fluka)  were  initially  mixed  in  a 
mortar  and  then  added  to  molten  stearic  acid  (Reagen)  at 
90  °C  (molar  proportion  metal/acid  1:1  or  2:1).  This  mix¬ 
ture  was  then  submitted  to  vigorous  magnetic  stirring  at 
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Fig.  1.  Illustration  of  the  protocol  used  in  the  preparation  of  emulsion- 
derived  powder. 

150  °C  for  2h.  Special  care  is  needed  in  this  step  because 
of  the  eventual  formation  of  flames.  The  black  powder 
obtained  after  the  stirring  step  was  then  submitted  to  me¬ 
chanical  stirring  with  tetrahydrofuran  (THF)  solvent  and 
then  the  solution  was  centrifuged  (9000  rpm)  for  15  min. 
The  micro-precipitate  obtained,  i.e.  the  emulsion-derived 
precursor,  was  then  dried  at  60  °C  in  air  to  evaporate  the 
THF  solvent.  The  resulting  emulsion-derived  powders  were 
gray  in  color  and  physically  similar  to  starch.  In  this  pa¬ 
per,  we  will  denote  the  emulsion-derived  powder  prepared 
with  molar  proportion  metal/acid  1:1  and  2:1  as  El-  and 
E2-emulsion,  respectively. 

The  FTIR  spectra  of  E2-  and  El -emulsions  were  collected 
using  a  Nicolet  5ZDX  spectrometer  (KBr  beam  splitter, 
64  scans,  range  400-4000  cm-1,  resolution  2  cm-1).  Ther- 
mogravimetric/differential  thermal  analysis  (TGA/DTA) 
of  the  El -emulsion  precursor  was  performed  in  synthetic 
air  (heating  rate  10°Cmin-1)  using  a  TA  Instruments 
(model  SDT-2960  Simultaneous  Analyser).  Every  X-ray 
diffraction  (XRD)  pattern  shown  in  this  paper  was  col¬ 
lected  using  a  SIEMENS  D5005  diffractometer  (Cu  Ka 
radiation,  graphite  monochromator,  range  10-90°,  steps  of 
0.02°,  8  s  per  step).  The  specific  surface  area  was  measured 
by  the  Brunauer-Emmett-Teller  (BET)  method  with  N2 
(Quantachrome-NOVA  1200).  The  scanning  electron  mi¬ 
croscope  was  a  JEOL-JSM  5200.  The  grain  size  distribution 
of  OC0O2  obtained  from  the  El -emulsion  and  used  in  the 
preparation  of  composite  electrode  was  determined  by  a  par¬ 
ticle  size  analyzer  (Mastersize  2000,  Fraunhofer  diffraction). 

The  electrochemical  characterization  was  carried  out  us¬ 
ing  Swagelock-type  cells  assembled  with  two  separators 


(Celgard®-2400)  soaked  with  electrolyte  LiPF6,  1  mol  l-1  in 
a  1:1:3  (w/w)  solution  of  propylene  carbonate  (PC),  diethy¬ 
lene  carbonate  (DEC)  and  dimethyl  carbonate  (DMC)-(all 
Selectipur  grade).  The  reference  and  auxiliary  electrodes 
were  metallic  lithium.  Charge/discharge  cycles  at  room  tem¬ 
perature  were  performed  using  a  Mac-Pile  cycler  and  the 
cells  were  assembled  in  a  dry-box. 

The  composite  electrodes  studied  were  disks  with  8  mm 
diameter.  They  were  prepared  by  spreading  a  slurry  of  active 
oxide  material  (67  wt.%),  polyvinylidene  fluoride  binder 
(PVDF,  Solvay,  12  wt.%),  carbon  (Keitjen  Black,  18  wt.%), 
graphite  (Fluka,  400  mesh  3  wt.%)  and  acetone  on  Al  foil 
(thickness  60  p,m)  using  a  Doctor-blade  in  air.  The  graphite 
was  used  to  provided  a  better  mechanical  stability  of  active 
membrane  deposited  on  Al  substrate.  The  composite  foil 
was  also  hot  pressed  (1.0  x  107  Pa,  100  °C)  for  better  elec¬ 
tric  contact  between  the  Al  foil  and  the  membrane  electrode 
and  finally  the  electrode  disks  were  purged  under  vacuum 
at  120  °C  for  24  h.  The  LiCo02  used  in  the  preparation  of 
composite  electrode  was  obtained  from  El -emulsion  (cal¬ 
cination  at  700  °C  for  6h  in  air,  alumina  crucible).  This 
LiCoC>2  powder  was  rinsed  with  deionized  H2O  and  sub¬ 
mitted  to  ultrasonic  treatment  to  remove  lithium  carbonate 
traces. 


3.  Results  and  discussion 

3.1.  UC0O2  synthesis 

Fig.  2  shows  the  FTIR  spectra  and  the  XRD  patterns  col¬ 
lected  for  the  El-  and  E2-emulsion-derived  powder,  respec¬ 
tively.  In  short,  both  FTIR  spectra  (left  Fig.  2)  have  bands 
from  500  to  700  cm-1  that  can  be  assigned  to  the  Co-0  vi¬ 
brations,  while  the  band  at  3417  cm-1  can  be  ascribed  to  the 
stretching  of  -OOH  group.  The  strong  bands  at  2880  cm-1 
are  due  to  the  stretching  of  aliphatic  chain  (-CH),  and  the 
strong  bands  near  1500  cm-1  are  assigned  to  nitrate  ions 
(-NO3-).  The  small  band  at  1717  cm-1  corresponds  to  the 
-COOH  group  vibration  of  residual  stearic  acid.  The  FTIR 
spectra  of  both  emulsion-derived  powders  present  intense 
bands  at  1578  and  1554  cm-1  that  are  assigned  to  lithium 
stearate.  The  Fig.  2  (right)  shows  also  that  El -emulsion 
XRD  pattern  are  associated  with  CH3(CH2)i6COOLi  and 
CoOOH,  while  the  E2-emulsion  pattern  reveals  that  the  dom¬ 
inant  phases  are  CoOOH,  CH3(CH2)i6COOLi  and  CoO. 

Therefore,  the  chemical  composition  of  the  emulsion- 
derived  powders  obtained  as  described  in  Fig.  1,  depend 
on  the  stearic  acid  concentration  used  in  the  prepara¬ 
tion.  This  precursor  was  found  to  be  rich  in  CoOOH  and 
CH3(CH2)i6COOLi  only  when  it  was  used  in  the  prepara¬ 
tion  of  emulsion  with  the  molar  proportion  of  metal/stearic 
acid  1:1.  For  a  molar  proportion  of  metal/stearic  acid 
of  2:1,  the  CH3(CH2)i6COOLi  concentration  in  the 
emulsion-derived  powder  is  lower  and  the  dominant  phases 
are  CoO  and  CoOOH.  The  residual  stearic  acid,  as  well  as 
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Fig.  2.  FTIR  spectra  and  XRD  patterns  collected  for  the  emulsion-derived  powder  El  (A)  and  E2  (B).  The  labels  represent  CoOOH  (#),  CH3(CH2)i6COOLi 
(x),  CoO  (o)  phases. 


traces  of  nitrates,  were  detected  from  FTIR  spectra  in  both 
emulsion-derived  powders. 

Fig.  3  shows  the  TGA/DTA  curves  of  the  El -emulsion, 
where  the  dominant  phases  are  CoOOH  and  CH3(CH2)i6 
COOLi.  The  weight  loss  of  the  micro-precipitate  precur¬ 
sor  occurs  basically  in  two  steps,  at  21-200,  200-550  °C, 
and  terminates  at  700  °C.  The  weight  loss  and  the  small  en¬ 
dothermic  peaks  for  temperatures  lower  than  350  °C  are  as¬ 
sociated  with  the  melting  of  residual  stearic  acid  ( — '125  °C), 
water  and  THF  evaporation.  Above  300  °C,  the  exothermic 
events  detected  in  Fig.  3  are  due  to  the  decomposition  of 
the  organic  phase,  formation  of  Li2C03  and  LiCo02  phases 
as  are  shown  in  the  XRD  patterns  of  Fig.  4.  The  intense 
exothermic  peak  at  522  °C  is  correlated  to  the  transforma¬ 
tion  of  lithium  stearate  into  lithium  carbonate. 

Fig.  4  shows  the  X-ray  diffraction  patterns  of  the  resulting 
product  of  several  firings  of  the  El -emulsion  for  6h  at  tem- 


Fig.  3.  TG/DTA  curves  for  El -emulsion-derived  precursor  composed 
mainly  by  CoOOH,  CH3(CH2)i6COOLi  and  residual  stearic  acid. 


peratures  near  those  of  the  more  intense  exothermic  peaks. 
At  480  °C,  occurs  the  formation  of  low  temperature-LiCo02 
(LT-LiCo02)  with  cationic  disorder  and  the  formation  of 
Li2CC>3.  The  next  exothermic  peaks  appear  associated  with 
the  reduction  of  the  disordered  phase  LT-LiCo02  and  the  in¬ 
creasing  of  a  well-ordered  LiCo02  phase  (T  ~520  °C).  The 
Bragg  intensity  of  the  (00  3)  line  increases  and  complete 
splitting  between  the  (0  0  6)/(l  0  2)  and  (10  8)/(l  1  0)  Bragg 
peaks  (Fig.  4)  occurs  which  confirms  this  phase  transition. 
The  CH3(CH2)i6COOLi  and  CoOOH  micro-precipitate 
acts  thus  very  well  as  a  template  for  the  formation  of 
well-ordered  LiCo02,  because  at  550  °C  (the  exothermic 


Fig.  4.  (A)  XRD  patterns  collected  for  the  El -emulsion-derived  powder 
submitted  to  successive  heating  in  air  (rate  5  °C/min,  3  h  for  each  heating). 
Label  (#)  indicates  the  L^CC^  phase. 
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Temperature  (°C) 

Fig.  5.  Evolution  of  cell  parameters  of  the  hexagonal  LiCo02  phase  and 
Bragg  intensity  ratio  /o 0  3^004  obtained  from  Fig.  4. 

peak  most  intense  in  Fig.  3)  we  have  a  LiCo02  with  a  small 
cationic  disorder.  Fig.  5  shows  the  cell  parameters  and  Bragg 
intensity  ratio  /o  03/^0  04  associated  with  cationic  disorder 
as  a  function  of  the  calcination  temperature  of  the  precursor 
mixture,  supports  this  phase  transition.  For  temperatures 
above  480  °C,  the  LiCo02  oxide  obtained  is  the  hexagonal 
structure  ( R-3m )  and  it  becomes  quite  ordered  at  800  °C  as 
is  indicated  by  the  ratio  of  the  cell  parameters  (Fig.  5). 

The  microstructure  of  LiCo02  calcined  at  800  °C  using 
the  two  kinds  of  emulsions  are  shown  in  Fig.  6.  When  the 


Fig.  6.  SEM  micrography  of  the  FiCoC>2  powder  from  El -emulsion  (A) 
and  E2-emulsion  both  calcined  at  800  °C  in  air. 


El -emulsion  was  used  to  obtain  the  well-ordered  LiCo02, 
their  particles  were  found  crystallized  as  quasi-hexagonal 
pellets  (Fig.  6A),  while  the  use  of  E2-emulsion  yielded 
LiCoC>2  powder  that  is  composed  of  huge  aggregates  of  par¬ 
ticles  with  an  irregular  shape  (Fig.  6B).  The  specific  surface 
areas  of  the  LiCo02  powders  were  7.4  and  1.1  m2  g_1,  re¬ 
spectively,  values  that  are  consistent  with  the  morphology 
observed  in  Fig.  6 A  and  B.  For  the  LiCo02  powder  obtained 
from  the  El -emulsion,  there  was  also  a  very  narrow  grain 
size  distribution  (d\o  =  0.31,  J50  =  3.14,  dgo  =  6.30  pan). 

Micro-precipitation  in  molten  stearic  acid  appears  to  be 
an  interesting  method  of  preparation  of  LiCoC>2,  mainly 
when  the  concentration  of  stearic  acid  is  sufficient  to  form 
CH3(CH2)i6COOLi  and  CoO  is  absent.  The  lithium  stearate 
and  CoOOH  are  therefore  adequate  reagents  to  form  LiCoC>2 
with  uniform  particles  and  a  high  specific  surface  area. 
When  the  lithium  stearate  concentration  is  very  low  and  the 
precursor  is  rich  in  CoO  (E2-emulsion),  the  calcination  of 
emulsion-derived  powder  at  800  °C  by  6h  in  air,  led  also  to 
formation  of  well-ordered  LiCo02  ( R-3m ),  but  the  resulting 
powder  presented  grains  that  are  composed  by  huge  aggre¬ 
gate  particles  of  irregular  shape. 

Finally,  it  must  be  mentioned  that  the  El  and  E2 
emulsion-derived  powders  have  a  hydrophobic  character. 
This  is  an  interesting  behavior  because  it  suggests  that  the 
cobalt  and  lithium  salts  may  be  encapsulated  by  the  organic 
phase  detected  in  the  FTIR  spectra  (Fig.  2),  e.g.  the  residual 
stearic  acid.  The  excess  of  stearic  acid  should  be  beneficial 
and  it  is  reasonable  to  expect  that  it  plays  a  role  in  the 
morphology  of  LiCo02  particles  (. R-3m ).  The  THF  rinse 
of  emulsion-derived  powder  could  thus  be  eliminated  in 
Fig.  1. 

3.2.  Electrochemical  characterization 

Fig.  7  shows  the  galvanostatic  charge/discharge  cycles 
of  a  composite  electrode  prepared  with  the  LiCoC>2  pow¬ 
der  shown  in  Fig.  6A.  All  LiCo02  electrodes  reach  a  spe¬ 
cific  capacity  in  the  first  charge  of  over  150mAhg_1  and 
irreversibility  in  deinsertion/insertion  reaction.  The  LiCoC>2 
electrodes  still  have  a  capacity  fade  that  increases  with  in¬ 
crease  of  current  density. 

The  nominal  lithium  quantity  extracted  from  LiCoC>2 
during  the  first  discharge  is  about  0.6  mol.  This  deinser¬ 
tion  implies  structural  alterations  [28,29]  that  can  reduce 
the  lithium  intercalation  kinetics.  In  fact,  for  v  >  0.5  in 
LixCo02  there  is  a  reduction  in  the  lithium  chemical  diffu¬ 
sion  coefficient,  beside  the  metallic  behavior  observed  for 
LiCoC>2  [30].  When  v  is  over  0.5  mol  there  occurs  a  large  in¬ 
crease  in  the  volume  of  the  hexagonal  phase  of  LiCo02.  For 
example,  the  volume  of  unitary  cell  Vceii  that  is  14.066  A3 
for  v  =  1  expands  to  14.437  A3  for  v  =  0.37,  while  for 
v  =  0.53  the  increase  of  Vceii  is  smaller,  i.e.  only  12.8%  of 
initial  volume  in  the  Li*Co02  [6].  Fig.  7  shows  that  increas¬ 
ing  capacity  fade  should  be  associated  with  a  poor  electronic 
conductivity  of  the  electrode.  This  is  evident  when  the  rate 
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Fig.  7.  Specific  capacity  of  LiCo02  composite  electrodes  prepared  with 
powder  shown  in  Fig  6A.  The  charge/discharge  currents  and  rates  were 
100  pA,  ~ C/1 5  (A);  200  pA,  ~C/8  (B);  and  400  pA,  ~C/: 3  (C).  For  all 
electrodes,  the  current  density  was  ~10mAg-1  and  the  potential  cut-off 
limit  was  2.6-4.35  V  vs.  Li/Li+. 


of  charge/discharge  of  the  electrode  is  large  as  in  Fig.  7C 
(rate  of  charge/discharge  ~C/3).  The  long  life  specific  ca¬ 
pacity  observed  in  Fig.  7A  (~110mAhg-1)  is  therefore  a 
good  result  if  we  consider  the  value  reached  by  the  specific 
capacity  in  the  first  deinsertion  (^150  mAh  g-1). 

These  electrochemical  results  suggest  that  the  morphol¬ 
ogy  of  LiCo02  obtained  by  the  micro-precipitation  method 
(Fig.  6A)  permits  the  preparation  of  composite  electrodes 
that  support  well  the  stress  that  can  otherwise  damage  the 
grains  and  affect  the  electrical  contact  between  particles 
and  the  composite-electrode-current  collector  (i.e.  stress  pro¬ 
voked  by  large  variation  in  volume  of  particles  for  v  ^0.4 
and  charging/discharging  of  electric  double  layer  in  the  in¬ 
terface  of  particles)  [1,2]. 


4.  Conclusions 

The  present  work  describes  a  new  method  to  preparation 
of  oxides  using  micro-precipitation  in  molten  stearic  acid. 
The  temperature  of  formation  of  ordered  LiCo02  ( R-3m ) 
(700  °C)  is  similar  to  that  which  has  been  found  by  Amatucci 
et  al.  [31]  in  the  hydrothermic  synthesis  that  is  an  interest¬ 
ing  method  for  large  scale  production.  The  micro-precipitate 
method  proposed  in  this  work  yields  nice  particles,  as  for 
the  hydrothermic  method,  but  the  elimination  of  nitrate  oc¬ 
curs  during  the  self  preparation  of  the  emulsion  (by  reaction 
between  nitrates  and  stearic  acid).  The  micro-precipitation 
in  molten  stearic  acid  may  be  used  easily  on  a  large  scale. 
However,  during  the  reaction  of  nitrates  with  stearic  acid, 
we  recommend  care.  The  burning  of  the  stearic  acid  gener¬ 
ates  only  CO2  and  H2O. 


This  novel  emulsion  method  applied  to  LiCo02  yields 
a  poly  crystalline  compound  at  800  °C  with  a  narrow  grain 
sub-micron  size  distribution,  high  specific  surface  area 
(J10  =  0.31,  dso  =  3.14,  J90  =  6.30  pan,  7.4  m2  g-1) 
and  particles  with  a  uniform  shape  (quasi-hexagonal).  The 
method  of  micro-precipitation  in  molten  stearic  acid  is 
an  interesting  route  to  preparation  of  LiCoC>2  that  can  be 
extended  to  other  oxides  used  in  Li-ion  batteries. 
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